Introduction {#s1}
============

Suicide is one of the most serious global mental health issues, and close to 900,000 people die due to suicide every year (Chesney et al., [@B14]). Suicide occurs throughout the human lifespan and is the second leading cause of death among persons 15--29 years old (WHO, [@B103]). Effective interventions are critically needed to prevent suicide (Mann et al., [@B56]; Nakagami et al., [@B64]). Psychosocial factors such unemployment, poverty, family conflicts and health issues are widely known to be causes of suicide (Rubenowitz et al., [@B78]).

Moreover, suicide is one of the most disastrous outcomes during psychiatric clinical practice (Thornicroft and Sartorius, [@B97]). Suicidal ideation, suicidal attempts and other suicide-related behaviors occur especially during the course of depression, and suicide is also prevalent in many other psychiatric disorders such as alcohol addiction, personality disorder and schizophrenia (Chesney et al., [@B14]). Recently, biological abnormalities underlying such psychiatric disorders have been revealed especially based on animal model studies and human brain studies such as postmortem studies and brain imaging studies with living patients. Recent advances in biological psychiatry have suggested a positive relationship between some specific brain abnormalities and specific symptoms in schizophrenia, depression and other psychiatric disorders whose organic bases were previously completely unknown (Harrison, [@B31]; Kuperberg et al., [@B51]; Nobuhara et al., [@B66]; Fields, [@B25]; Penzes et al., [@B77]). The biological factors of suicide have not been well clarified, while some biological basis may exist. Animal model research focusing on psychiatric disorders has a long history, however, there are only limited animal models that can properly express psychiatric symptoms. In particular, to our knowledge, animal models of human suicidal behaviors have not been established (Gould et al., [@B28]). Suicide is believed to be limited to humans, therefore human subjects should be the targets of research despite various ethical and technical limitations.

Neuroinflammation is suggested to be linked to suicide (Pandey et al., [@B75], [@B76]). Microglia, immune cells in the brain, are regarded to play crucial roles in neuroinflammation *via* releasing inflammatory mediators and are suggested to contribute to various psychiatric disorders (Monji et al., [@B59], [@B60]; Kato et al., [@B44], [@B46],[@B48]; Kato and Kanba, [@B42]). Recently, activated microglia have been suggested to be possible contributing cells to suicide *via* various mechanisms especially the tryptophan-kynurenine pathway, thus we herein introduce human biological studies focusing on suicide and microglia. We first present recent neuropathological studies using the human postmortem brain of suicide victims. Second, we demonstrate recent findings based on positron emission tomography (PET) imaging and peripheral blood biomarker analysis on living subjects with suicide-related behaviors. Finally, we propose future perspectives and tasks to clarify the role of microglia in suicide using multi-dimensional analytical methods.

Microglia {#s2}
=========

Microglia, immune cells in the brain, are regarded to play crucial roles in brain homeostasis and inflammation *via* phagocytosis and/or releasing pro- and anti- inflammatory mediators such as cytokines and chemokines (Block and Hong, [@B5]). Psychological stress is one of the most frequent triggers of suicide (Hawton and van Heeringen, [@B34]). Rodent studies have revealed that acute and chronic stress based on social defeat model and restraint model induce microglial activation in various brain regions (Sugama et al., [@B94]; Tynan et al., [@B100]; Hinwood et al., [@B35]; Ohgidani et al., [@B72]). Human microglia research is difficult to conduct because of difficulty in analysis of microglia in human subjects based on ethical and technical issues (Ohgidani et al., [@B69]). To our knowledge, human microglia analysis during the course of psychological stress has not been conducted, while our previous pharmacological study with healthy volunteers using minocycline, an antibiotic with suppressing microglial activation in rodents, has indirectly suggested that human social-decision making in stressful situations is unconsciously controlled by microglia (Kato et al., [@B47], [@B46]; Watabe et al., [@B102]). Postmortem brain analysis and PET imaging are two major methods to estimate microglial activation in human subjects, and these studies have suggested activation of human microglia in the brain of patients with various psychiatric disorders (Kato et al., [@B46]). Here, we introduce human biological studies using these techniques focusing on suicide and microglia.

Postmortem Neuropathological Studies Focusing on Microglia and Suicide {#s3}
======================================================================

In 1919, Pio del Rio-Hortega initially characterized morphological phenotypes of microglia and described that ramified microglia transform into amoeboid form in different environments of brain pathology (Sierra et al., [@B86]). Even today, these findings are considered as the base of microglial biology, and morphological change from ramified to amoeboid shape indicate functional shifts from resting state to active state (Kettenmann et al., [@B50]).

Here, we introduce the following five original studies using the human postmortem brain of patients with psychiatric disorders including suicide victims. An overview of these publications was summarized in [Supplementary Table S1](#SM1){ref-type="supplementary-material"}.

Steiner et al. ([@B89]) first suggested the possible link between suicide and microglial activation, analyzing the morphological characteristics of microglia by immunohistochemistry with HLA-DR as a microglial marker in some regions of the brain of psychiatric patients including suicide victims. Cell density of microglia was not significantly different between cases with schizophrenia, depressive state of affective disorder and non-psychiatric control subjects. However, significant microgliosis (i.e., increased microglial density) was observed in the dorsolateral prefrontal cortex (DLPFC), anterior cingulate cortex (ACC) and mediodorsal thalamus (MD) of suicide victims (Steiner et al., [@B89], [@B88]).

Schnieder et al. ([@B81]) reported a postmortem study of psychiatric disorders including schizophrenia and affective disorder; analyzing the microglial morphology and active state by immunohistochemistry with ionized calcium-binding adapter molecule 1 (Iba-1) and cluster of differentiation 68 (CD68), respectively. Microglial density and active state were not different between diagnostic differences. Interestingly, there were significant effects of suicide on density of activated microglia in ventral prefrontal white matter relative to dorsal area. In addition, Iba-1-positive activated microglia were observed within or in contact with blood vessel walls in dorsal prefrontal white matter in the suicide group (Schnieder et al., [@B81]).

Torres-Platas et al. ([@B99]) conducted a case-control study with immunohistochemistry and gene expression analysis using postmortem brains between the cases of suicide victims with major depression and control subjects without psychiatric disease who died of physical illnesses. Total densities of Iba-1 stained microglia and IBA1-immunoreactive (IBA-IR) were not significantly different between the cases of suicide victims with depression and control subjects. The ratio of primed over ramified ("resting") microglia was significantly increased in suicide victims with depression. The proportion of blood vessels surrounded by a high density of macrophages was more than twice higher in suicide victims with depression. Gene expression of IBA1 and MCP-1 was significantly upregulated in suicide victims with depression (Torres-Platas et al., [@B99]).

Brisch et al. ([@B8]) showed that only the subgroup of patients with depression who were not suicide victims revealed significantly lower microglial reaction, i.e., a decreased density of HLA-DR positive microglia vs. both suicide victims with depression and control subjects.

In sum, no significant difference of microglial change was observed between psychiatric patients and healthy controls. On the other hand, microglial morphologies were significantly different (increased cell density and metamorphosis) in the brains of suicide victims. These outcomes have suggested a relationship between microglial activation and suicide beyond the diagnostic classification of psychiatric disorders. Therefore, further larger studies including various psychiatric disorders are needed in order to elucidate the relationship between microglia and suicide beyond the psychiatric diagnostic boundaries.

We are presently reconstructing the 3D model of microglia from the human brain of suicide victims with depression by drug overdose (details of sampling information and methods are shown in [Supplementary Document](#SM1){ref-type="supplementary-material"}). In this 3D model, we have successfully divided the whole cell body and cell somata. Accordingly, we are able to measure 3D morphological parameters such as the surface areas and volumes both of the whole cell body and cell somata individually (in the upper right of [Figure 1](#F1){ref-type="fig"}). Kreisel et al. ([@B200]) have revealed an enlargement of microglial cellular somata in the brains of stress-model mice. Therefore, we believe that our detailed 3D analytical approach can clarify deeper morphological characteristics of microglia in the brain of suicide victims for future investigations.

![Multi-dimensional approach to clarify the underlying roles of microglia in suicide. To clarify the underlying roles of human microglia in suicide, a multi-dimensional approach should be conducted. Brain neuropathological analysis and PET imaging are both essential in revealing direct pathophysiological evidence of microglia in suicide. Our 3D morphological analysis of microglia in a suicide victim is shown in the upper right. Our method is able to measure the 3D morphological parameter of the whole cell body and cell somata individually (details are shown in [Supplementary Document](#SM1){ref-type="supplementary-material"}). To overcome the limitations of brain studies in suicide, indirect non-brain approaches are also needed especially to grasp the dynamic roles of microglia in suicide and suicide-related behaviors including suicidal attempts/suicidal ideation. As indirect approaches, we propose the usage of peripheral bloods (plasma/serum and monocytes). Recently, dysregulation of the tryptophan-kynurenine pathway possibly *via* microglial activation has been suggested to be a positive link to suicide and suicide related behaviors. Novel key molecules, especially in the tryptophan/kynurenine pathway, may be discovered by wider analysis of metabolites, lipids and also neuron/microglia-derived exosomes in plasma/serum of suicidal patients. In addition, dynamic analysis of induced microglia-like (iMG) cells from blood monocytes is expected to reveal dynamic and molecular mechanisms of microglia in suicidal behaviors. Finally, deeper mechanisms of microglia in suicide may be discovered by the multi-dimensional combined analysis of both direct and indirect data. ACMSD, amino-β-carboxymuconate-semialdehyde-decarboxylase; HAAO, hydroxyanthranilate 3,4-dioxygenase; IDO, indoleamine 2,3-dioxygenases; KAT, kynurenine aminotransferases; KMO, kynurenine 3-monooxygenases; KYNU, kynureninase; TDO, tryptophan 2,3-dioxygenase; PET, positron emission tomography.](fncel-13-00031-g0001){#F1}

The above neuropathological studies should be validated by further studies focusing on the following aspects to counter the limitations: (1) larger samples are needed; (2) precision and grouping of subject characteristics such as age, gender, cause of death and postmortem intervals are considered; (3) storage environment including prolonged postmortem interval should be carefully considered. Torres-Platas et al. ([@B98]) showed that there was no modification of microglia after a post-mortem interval of 43 h before tissue fixation in mice. Similarly, Dibaj et al. ([@B20]) reported that microglial activity and responsiveness remain only for up to 5--10 h post-mortem depending on the premortal condition of the animal. In addition, Eyo and Dailey ([@B24]) showed that nearly half of microglia die within 6 h of sustained oxygen and glucose deprivation. These reports have suggested that postmortem morphological change of microglia may not be significant in human as well. Even though, we should carefully interpret the data of microglia from postmortem brains especially in suicide victims because the time from death by suicide is not precisely calculated; (4) regional specificity should be analyzed; and (5) finally, medication data should be considered as various *in vitro* studies using rodent microglial cells have suggested that some antipsychotics and antidepressants reduce microglial activation by suppressing the release of inflammatory mediators such as inflammatory cytokines and free radicals (Hashioka et al., [@B33]; Kato et al., [@B41], [@B40], [@B44],[@B45]; Bian et al., [@B4]; Horikawa et al., [@B37]; Hashioka, [@B32]; Müller et al., [@B61]; Su et al., [@B91]; Sato-Kasai et al., [@B80]).

A Pet Study Focusing on Microglia and Suicide {#s4}
=============================================

As shown above, neuropathological studies with postmortem the human brain of suicide victims enable us to reveal activation of microglia based on morphological and histochemical characteristics. However, human postmortem studies especially focusing on suicide victims have limitations because of sampling biases such as methods of death and time period after death. Microglia may continuously be activating even after death, which may influence the pathological conditions of microglia. To resolve this limitation, human living-microglia studies focusing on living persons with suicide risks are of great importance to understand the role of microglia in suicide.

At present, there is no other method than PET imaging that is capable of detecting microglial activation in the brain of human living subjects using ligands of translocator protein (TSPO), also known as a peripheral benzodiazepine receptor (Banati et al., [@B1]; Rupprecht et al., [@B79]). Until now, human PET studies using TSPO ligands have suggested over microglial activation in a variety of psychiatric patients such as schizophrenia, at-risk stage of psychosis, autism and depression (van Berckel et al., [@B101]; Doorduin et al., [@B21]; Takano et al., [@B96]; Suzuki et al., [@B95]; Setiawan et al., [@B84], [@B83]; Bloomfield et al., [@B6]).

Holmes et al. ([@B36]) have conducted a case-control study using \[11C\](R)-PK11195 PET to compare TSPO availability in ACC, PFC, and insula between 14 medication-free patients with major depressive disorder (MDD) during a moderate to severe depression severity and 13 matched healthy control subjects. In a *post hoc* analysis, they also compared TSPO availability between patients with and without suicidal thoughts. Multivariate analysis of variance indicated significantly higher TSPO in patients compared with control subjects. The elevation was of large effect size and significant in the ACC. Interestingly, TSPO was not elevated in patients without suicidal thoughts but was significantly increased in those with suicidal thoughts, most robustly in the ACC and insula.

The above PET study has suggested microglial activation during the presence of suicidal ideation in depression. At present, PET imaging is regarded to be the only valid method to evaluate microglial activation in the brain of living human subjects. A variety of activation patterns exist in microglia such as cytokine releases and phagocytosis (Burguillos et al., [@B12]), and we suspect that some microglial activations may be independent from TSPO pathway and TSPO may detect only limited pathways in microglial activation. Some other ligands targeting microglial activation such as cannabinoid receptor CB2 (CB2R) should be applied for clinical PET studies in psychiatry in addition to TSPO-PET imaging studies (Ni et al., [@B65]).

Tryptophan-Kynurenine Pathway on Microglia and Suicide {#s5}
======================================================

One of the important biological impacts related to microglial activation is altered regulation of the tryptophan-kynurenine pathway (Dantzer et al., [@B19]; Myint, [@B62]). Tryptophan-kynurenine pathway has various neurotoxic metabolites \[e.g., 3-hydroxykynurenine (3-HK), quinolinic acid (QUIN), xanthurenic acid (XA)\] and neuroprotective metabolites \[e.g., kynurenic acid (KA), picolinic acid (PIC), XA; Courtet et al., [@B18]; Mechawar and Savitz, [@B57]; Bryleva and Brundin, [@B10], [@B11]; Sudol and Mann, [@B93]; Kanchanatawan et al., [@B39]; Ogyu et al., [@B68]\]. Interestingly, the synthesis of 3-HK and its downstream metabolites including QUIN mainly takes place in microglia. On the other hand, neuroprotective metabolites are mainly produced by astrocytes. Detailed mechanisms regarding how to control/switch the activation of microglia and astrocytes in the tryptophan-kynurenine pathway have not been well clarified, while some specific enzymes inside microglia and astrocytes have been suggested to play a role (Dantzer et al., [@B19]; Myint, [@B62]). Microglia have several enzymes such as kynurenine 3-monooxygenases (KMO) necessary for this pathway, and astrocytes also play important roles in the tryptophan-kynurenine pathway mainly *via* an enzyme, kynurenine aminotransferases (KAT; the lower right part of [Figure 1](#F1){ref-type="fig"}; Dantzer et al., [@B19]; Myint et al., [@B63]; Myint, [@B62]; Mechawar and Savitz, [@B57]; Bryleva and Brundin, [@B10]). In postmortem brain studies of suicide victims ([Supplementary Table S2](#SM1){ref-type="supplementary-material"}), Steiner et al. ([@B90]) have reported increased expression of microglial QUIN in ACC of suicide victims with depression compared to non-psychiatric control subjects who were not suicide victims. On the other hand, Busse et al. ([@B13]) have shown decreased expression of microglial QUIN in hippocampal regions of suicide victims with depression. Moreover, another postmortem brain study has reported decreased expression not only of QUIN but also indoleamine 2,3-dioxygenase (IDO) 1/2, and tryptophan-2,3-dioxygenase (TDO) in the ventrolateral PFC of suicide victims with depression (Clark et al., [@B15]). The activation of IDO and TDO, which degrades TRP to KYN along the tryptophan-kynurenine pathway, is suggested to reduce serotonin production through upregulation of tryptophan degradation (Dantzer et al., [@B19]; Maes et al., [@B55]; Myint, [@B62]; Myint et al., [@B63]; Halaris et al., [@B29]). Thus, an imbalance of neuroactive metabolites in this pathway *via* microglia may be involved in the biological process of suicide.

In addition to the direct approach using postmortem brains, recent clinical studies using blood and/or cerebrospinal fluid (CSF) have revealed the possible relationship between the tryptophan-kynurenine pathway and suicide ([Supplementary Table S2](#SM1){ref-type="supplementary-material"}). Sublette et al. ([@B92]) have reported higher levels of plasma TRP and KYN in MDD patients with suicide attempts compared to MDD patients without suicide attempts. Bradley et al. ([@B7]) have shown lower levels of plasma TRP and higher ratio of KYN/TRP (an indicator for the activity of IDO and TDO) in MDD patients with suicide attempts/suicidal ideation compared to HC and MDD patients without suicide attempts/suicidal ideation. Also, Bradley et al. ([@B7]) have shown that KYN/TRP ratio has significantly positive correlation with the severity of suicidal ideation in drug-free MDD patients, suggesting the upregulation of tryptophan-kynurenine pathway in suicidality. On the other hand, using metabolomics, we have recently suggested the downregulation of this pathway (e.g., higher TRP, lower KYN/TRP ratio, KYN, KA, 3-HK, XA) is associated with the severity of suicidal ideation in depressed patients (including non-MDD patients) and/or first-episode drug-naïve MDD patients (Setoyama et al., [@B85]; Kuwano et al., [@B53]). The above contradictory results in blood studies indicate that the regulation of the tryptophan-kynurenine pathway may change according to the time-course of suicide-related behaviors.

In recent longitudinal follow-up studies of suicidal patients, Bay-Richter et al. ([@B2]) have reported higher levels of CSF QUIN and lower levels of CSF KA in psychiatric patients with suicide attempts compared to HC over a period of 2 years after suicide attempts. Similarly, Erhardt et al. ([@B23]) have shown higher levels of CSF QUIN and higher ratio of CSF QUIN/KA in patients with suicide attempts compared to HC, on the other hand, the CSF QUIN levels in the patients have significantly decreased from the time of suicide attempts to the 6-month follow-up. Brundin et al. ([@B9]) have reported lower levels of plasma and CSF PIC, lower ratio of plasma and CSF PIC/QUIN, and higher ratio of CSF KYN/TRP in patients with suicide attempts compared to HC, and the reductions of CSF PIC have been sustained over a period of 2 years after suicide attempts. The above-mentioned results of longitudinal follow-up studies in suicidal patients suggest sustained dysregulation of the tryptophan-kynurenine pathway possibly *via* microglial activation for a certain period after suicide attempts.

Hughes et al. ([@B38]) examined the effects of acute tryptophan depletion on mood and suicidal ideation in patients with bipolar disorders. No significant changes in mood and suicidality scores were observed after acute plasma tryptophan depletion for 28 h in patients with bipolar disorders. In addition, using healthy adult volunteers, Dougherty et al. ([@B22]) examined self-rated mood and somatic symptoms and the time-course of multiple plasma indicators of brain 5-HT synthesis after a 50-g depletion and loading as a comparison to the corresponding 100-g formulations that are typically used. They have manipulated L-tryptophan levels to temporarily decrease (depletion) or increase (loading) 5-HT synthesis. In both the 50- and 100-g depletion groups, negative self-ratings of mood and somatic symptoms were increased, and interestingly in the loading conditions, the 100-g formulation resulted in more negative reports of mood states, while the 50-g formulation did not and the 100-g formulation produced higher ratings of negative somatic symptoms than the 50-g formulation. Even though suicidal ideation was not measured in this healthy volunteers' study, this study indicates the impact of shifting tryptophan metabolites for negative mood in humans. These studies are limited as they consider only short-term depletion, however, it is likely that the causal linkage between tryptophan, suicide and microglia will become clearer by combining these intervention studies and biomarker research using CSF and/or peripheral blood samples.

On the other hand, epidemiological surveys reveal that males have a disproportionately lower rate of suicide attempts and an excessively higher rate of completed suicides compared to females (O'Loughlin and Sherwood, [@B74]; World-Health-Organisation, [@B104]; Freeman et al., [@B26]). These epidemiological data indicate that there are independent biological pathways in suicide attempts and completed suicide based on sex differences. Higher impulse and aggression in males have been suggested to be linked to completed suicide (Mann et al., [@B56]). Interestingly, interactions between aggression and the tryptophan-kynurenine pathway have been suggested (Coccaro et al., [@B16]; Comai et al., [@B17]). Moreover, recent clinical research has shown that sex differences are observed in tryptophan metabolism in patients with anxiety disorder (Songtachalert et al., [@B87]). Therefore, we believe that gender differences in tryptophan-kynurenine metabolism might also exist in the process of suicide. Furthermore, sex differences have been observed in the process of microglial activation in rodents (Schwarz et al., [@B82]; Kato et al., [@B43]; Lively et al., [@B54]; Berkiks et al., [@B3]). Future biological studies focusing on gender differences in suicide attempts and completed suicide *via* sex-related microglial activation should be investigated.

Future Suicide Studies Based on Human Multi-Dimensional Analysis {#s6}
================================================================

Analysis using fresh microglia in human brains is an ideal method to clarify the roles of microglia in neuropsychiatric disorders, however, technological and ethical considerations have limited the ability to conduct research using fresh human microglia. Thus, alternative methods using non-brain tissues are warranted. Before concluding, we herein introduce two novel methods to predict microglia-related pathophysiologies using human blood samples. First, we have developed a novel technique to produce microglia-like cells from human blood monocytes by just adding two cytokines (IL-34 and GM-CSF) for 2 weeks (Ohgidani et al., [@B73]). Dynamic morphological and molecular-level analyses such as phagocytosis and cytokine releases are applicable using the iMG cells (Ohgidani et al., [@B73], [@B69]), and we have recently revealed possible microglial pathophysiology in early-onset dementia (Nasu-Hakola disease), chronic pain (fibromyalgia) and mood disorder (bipolar disorder) by establishing and analyzing iMG cells from patients (Ohgidani et al., [@B73], [@B70],[@B71]). The iMG cells can reveal both state- and trait- related characteristics by repeated analysis, and we hope that the iMG analysis from patients with suicidal behaviors can reveal microglial dynamic contributions to suicide-related behaviors. On the other hand, brain-derived exosomes have recently been a focus in understanding the pathophysiology of brain diseases without using brain biopsy (Yuyama et al., [@B105]; Goetzl et al., [@B27]; Hamlett et al., [@B30]). A novel method has been developed to predict the levels of proteins which are related to neuron-derived exosomes (NDE) by analyzing small amounts of human blood plasma using a sandwich immunoassay between anti-neuron antibody and antibodies against CD81 (an exosome marker) and against other proteins related to neuroinflammation and synaptic functions (Kawata et al., [@B49]). Using this method, we have recently reported that IL-34/CD81 levels were significantly higher in drug-free MDD patients (Kuwano et al., [@B52]). IL-34 from neurons is known to be a crucial factor to maintain and activate microglia in the brain (Mizuno et al., [@B58]; Noto et al., [@B67]; Ohgidani et al., [@B73]). As such, research focusing on microglia-derived exosomes is warranted. At the present stage, interactions between the levels of these peripheral markers (using plasma/serum metabolites and iMG cells) and the levels of microglial activity in the brain has not been well elucidated, and we hope that these interactions will be clarified in future research.

In conclusion, we have introduced recent findings regarding the interaction between suicide and microglia based on postmortem, PET, CSF, and serum/plasma analysis of human subjects, which indicate microglial pathophysiology as a possible contribution factor of suicide and suicide-related behaviors. Human microglia research is not easy to conduct due to technical and ethical complexities, thus we believe that a multi-dimensional approach including novel techniques of blood sample analysis should be conducted to compensate for imitations in each method ([Figure 1](#F1){ref-type="fig"}). Based on such methods, a novel biological interventional approach should be developed for suicide prevention in the near future.
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